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Abstract  
The aim of the paper is to present an analysis of the overall cost for CO2 transportation systems; this 
will be an engineers approach about what is driving the overall cost. Recent studies of CCS projects 
calculated that the transportation system of the CCS chain is more expensive than previously expected. 
 
An engineer's approach with cost background is used to assess what projected transport costs are, how 
high additional costs may be and where under- or overestimations are made compared to earlier reported 
values. This investigation will make use of experts in the field, who are able to search through the recently 
presented Scottish Power CCS Consortium and E.ON FEED (Front-End Engineering and Design) studies 
and compare these with normally used cost estimation figures, such as can be found in standard cost 
guides like the DACE handbook. Finally it is concluded that CO2 transportation is no simple affair. Only 
now, after thorough FEED studies, there is some insight in the impact of design choices on the actual 
expected cost of CO2 transport. 
 
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction 
Carbon Capture and Storage (CCS) can be one of the climate change mitigating measures for the near 
future. The whole CCS chain consists of three important subsystems, of which the capture process and the 
 
* Corresponding author. Tel.: +31 50 700 9741; fax:+31 50 700 9858. 
E-mail address: wim.mallon@dnvkema.com. 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-revi w und r responsibility f GHGT
2970   Wim Mallon et al. /  Energy Procedia  37 ( 2013 )  2969 – 2980 
storage complex are considered to be the most important. The connecting element between the capture 
site and the storage complex is the CO2 transportation system. 
 
For CO2 transportation, roughly two alternatives are considered, transportation through pipelines and 
transportation with ships. Shipping is an actual solution only when: 
1) When the volume is small (less than 200 000 ton/year, both compressed and liquefied. 
2) The distance is long (a function of distance and volume) 
3) The ramp up situation requires it (if there are several sources and there are connected over a 
period of time, it will be a very expensive start solution). 
Figure 1 shows an estimation of the break-even point for shipping and pipeline transport. At longer 
distances and/or less utilisation, shipping becomes economically more feasible than pipeline transport. 
 
Figure 1 Cost expressed as EUR/tonne/km for pipelines at 50% capacity, 10 Mtpa (cost of fully utilised ship transport included for 
comparison) Graph reproduced from the 2011 ZEP report.[1] 
The risk with a pipeline with high CAPEX will be high and it is sunk cost (maybe depending of one 
single source) while a ship can be transferred to another place or another market. A pipeline 
transportation system is seen as the solution for transporting large volumes of CO2 commonly associated 
with carbon capture from power generation plants and large industrial processes. 
 
Experience with large-scale pipeline transportation is readily available in the natural gas transportation 
sector. This industry is currently the most suitable party to respond to the challenge of transporting large 
volumes of CO2 over long distances. Experience in the USA with large volumes of CO2 transportation is 
thought to be beneficial for the design, engineering and construction of such transportation systems. 
 
The costs of CCS are an important element in the economical feasibility. This study focuses on 
estimation of CO2 transport costs. Indications of CO2 transport costs vary wildly. This is not surprising 
because of the significant differences between CCS projects. So far each CCS project requires a specific 
CO2 transportation solution, with specific routing, pressure regime, safety aspects and other 
characteristics. 
 
This study describes generic approaches to estimate CO2 transport costs. Two specific CO2 transport 
cases are evaluated: the UK CCS projects Kingsnorth and Longannet, for which FEED (Front-End 
Engineering and Design) studies are published. Based on these evaluations differences in projected 
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transport costs will be given tentative explanations. The cost figures from the FEED studies are compared 
with generic cost estimation figures from literature like a standard cost guide. Furthermore, 
recommendations will be made indicating which aspects of CO2 transportation infrastructures deserve 
further study in order to enable increasingly reliable cost estimates. 
 
The analysed studies show that costs of CO2 transportation deviate from cost of natural gas 
transportation systems. It was expected that the costs of CO2 transportation systems would be of the same 
order as natural gas transportation systems. The perception that costs associated with CO2 transportation 
are relatively small compared to capture and storage cost is erroneous. The published FEED studies show 
that the expected investment cost of transportation is almost in the same order of magnitude as the cost for 
CO2 capture. Operational costs for compression and heating at the injection site are also high. Therefore 
the costs related to transportation are estimated to be far higher than so far anticipated. 
 
Nomenclature 
 inch 
AGI above ground installation 
CAPEX capital expenditure 
CATO2 Dutch national R&D programme on CO2 capture, transport and storage in the Netherlands 
CCS carbon capture and storage 
CO2 carbon dioxide 
CS carbon steel 
CS compressor station 
DACE Dutch Association of Cost Engineers 
Eur Euro 
FEED Front-End Engineering and Design 
m meter (unit of length) 
OPEX operational expenditure 
PTI pig trap installation 
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1.1. Article lay out 
In this article, the following items are addressed: 
1. Introduction 
2. Methodology 
3. General approach of cost estimation figures 
4. UK FEED studies 
5. Cost figures on CO2 transport by pipelines 
6. Conclusion 
7. Recommendations 
2. Methodology 
A CO2 transport chain can be analysed by dissecting its components from source to sink. 
 
The cost drivers for CO2 transport can be discerned by analysing the CO2 chain. One way to dissect a 
CO2 transport chain is to identify all components, from the capture plant to the storage site, and assess the 
cost drivers for each component. A second approach is to dissect the life cycle of the chain and go 
through the steps of design, construction, commissioning, operation, decommissioning and removal. 
 
For CO2 transportation, two main alternatives exist: transportation through pipelines and transportation 
by ships. It is commonly understood that CO2 transportation with dedicated ships will be a matter of 
relatively small volumes over a relatively short distance across rivers or sea, whereas pipeline 
transportation is seen as the solution for transporting large volumes of CO2 commonly associated with 
carbon capture from power generation plants and large industrial processes. Ship transportation will 
therefore be outside the scope of this study, although the analysis can be extended to this area 
 
In order to be able to compare cost for different projects, we define typicals for the different 
components and alternatives of CO2 pipeline transportation systems. A typical is the design of a CO2 
transportation system for a certain volume of CO2 per time unit at a certain pressure transported through a 
pipeline over a determined distance. A number of elements can be determined, following the process flow 
diagram in CCS. This is visualised in Figure 2: 
 
The cost drivers for CO2 transport can be discerned by analysing the CO2 chain. One way to dissect a 
CO2 transport chain is to identify all components, from the capture plant to the storage site, and assess the 
cost drivers for each component. A subdivision of the CCS chain is shown in $$figure dit en dat. The 
dotted lines indicate the system boundaries in this study. Note that compression is considered to be part of 
the transport system, although it is usually regarded as part of the capture system. A second approach is to 
dissect the life cycle of the chain and go through the steps of design, construction, commissioning, 
operation, decommissioning and removal. 
 
In order to be able to compare cost for different projects, it is anticipated that typicals will be defined 
for the different components and alternatives of CO2 pipeline transportation systems. A typical is a typical 
design of a CO2 transportation system for a certain volume of CO2 per time unit at a certain pressure 
transported through a pipeline over a determined distance. The following elements available can be 
determined, following the process flow diagram in CCS, see Figure 2: 
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Figure 2 CO2 transport process: cost elements for pipeline systems 
The typical CO2 transport system displayed in Figure 2 has a subdivision between: 
 Low pressure and high pressure compression 
 Low pressure gas phase and high pressure dense phase transport and/or high pressure supercritical 
transport 
 Onshore and offshore pipelines 
 New pipelines and existing pipelines 
 
For a proper analysis of the costs, both CAPEX and OPEX will be analyzed. Injection is regarded as part 
of the storage system and as such not taken into account in this study. 
3. General approach of cost estimation figures 
3.1. Cost estimation figures for pipelines 
From the ZEP report, the following CAPEX figures for onshore and offshore pipelines can be 
derived:[1] 
Table 1 Pipeline costs according to ZEP.[1] 
    
inch 10 
km 
250 km  10 km 250 
km 
4 150 140  150 142 
6 127 97  117 100 
8 102 85  89 81 
10 90 73  78 68 
12 83 66  69 60 
16 70 58  52 50 
20 66 52  51 43 
24 61 48  51 41 
30 54 45  35 42 
36 52 43  40 44 
 
1. Low pressure
compressor
(gas phase)
Heat
exchanger
Dehydrating
process
6. High pressure
compressor
(gas to dense phase)
7. High pressure
pump
(dense phase)
Low pressure
gas transport:
2. New pipeline onshore
3. New pipeline offshore
4. Existing pipeline onshore
5. Existing pipeline offshore
High pressure 
dense phase transport:
8. New pipeline onshore
9. New pipeline offshore
10. Existing pipeline onshore
11. Existing pipeline offshore
OR
12. High pressure
supercritical transport,
New pipeline
(ROAD Taqa case)
Injection well:
13. Onshore
14. Offshore
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JRC [2] supplies the following estimates: 
Table 2 JRC cost estimates for pipelines.[2] 
 
inch Onshore Offshore Mountainous 
terrain 
12 49 74 98 
16 40 60 80 
24 35 52 74 
32 35 52 69 
40 37 56 75 
 
 
Some other general figures for cost estimation are described in the Handbook of Cost Engineering 
(DACE)[3]. For complete mounted underground pipelines, some typical figures ( m) from [3] are 
presented in Table 3: 
Table 3 Cost estimation figures 2011/inch m) for complete mounted underground pipelines.[3] 
 2011  
Inch From Till 
10 39.5 66.5 
12 37.5 63.0 
16 34.4 49.3 
20 33.0 41.0 
24 32.5 41.2 
30 35.7 43.2 
36 36.1 47.1 
The figures above show that: 
 Spread is is large at small diameter and smaller at large diameters. 
 A generally accepted cost estimate for CS pipelines is approximately 40 Euro/inch. 
 
CAPEX assumptions as presented by the Global CCS Institute [4] for the following types of pipelines 
are: 
 
 85/"m 
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The above estimates have been combined and are shown in Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Graph of assembled pipeline CAPEX estimates. 
The development of pipeline material costs is an important cost driver, as shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Development of carbon steel pipeline material costs, from Parfomak [5]. 
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From Figure 4 it can be concluded that the material costs of pipelines have increased by a factor of 3 to 
4 between 2004 and 2009. It goes without saying, that this development has a direct impact on CO2 
transport cost calculations. Even more so, since many estimations use a markup factor for additional 
costs, such as installation costs. 
3.2. Cost estimation figures for compression 
A general formula for CAPEX of compression is: 
 
CAPEX ( 2011) = 88*103 * P(kW)0,55       (1) 
 
This formula includes intercooling and water removal, as well as installation costs (installation costs 
factor: 2.5). Mikunda et al. present the following compressor investment data: [6] 
Table 4 Compressor CAPEX (M ) [6] 
 Discharge pressure (bar)  
Mton/yr 150 200 # of trains 
1.5 9.1 9.2 1 
3 13.7 13.9 1 
6 26.3 26.7 2 
12 51.6 52.4 4 
4. UK FEED studies 
4.1. Description of UK FEED studies 
As stated, the starting points for this underlying study are withdrawn from the following particular 
FEED studies [7]: 
 
 E.ON UK FEED study: 
E.ON UK announced their withdrawal from the procurement process for the first CCS demonstration 
project in October 2010. Subject of this study is to add a post-combustion Carbon Capture and Storage 
(CCS) facility to a new supercritical coal fired power plant at Kingsnorth. In this study, new onshore 
and offshore pipelines were planned. Routing is: Kingsnorth Power Station  St. Mary's Marshes  
Hewett Field (approximately 8 km onshore pipeline; approximately 270 km offshore pipeline). CO2 
flow to be stored is approximately  275 t/h) in pilot project period (base case, end of gas 
phase operation) but design of the system is based on full flow case (dense phase operation) of 26,400 
 1,100 t/h). 
 
 ScottishPower CCS Consortium FEED study: 
This study was stated to be the first CCS demonstration project at Longannet Power station in 
Scotland. On 19 October 2011 the decision has been taken not to proceed. Subject of this study is CCS 
on an new supercritical power plant as an extension of the Longannet Power Station. For transport 
purposes, new and existing onshore pipelines and existing offshore pipelines were planned. Route of 
these pipelines is: Longannet Power Station  Valleyfield AGI (Above Ground Installation)  
Dunipace PTI (Pig Trap Installation)  Kirriemuir CS (Compressor Station)  Aberdeen CS  St. 
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Fergus terminal  Goldeneye well (approximately 303 km onshore pipeline; approximately 101 km 
offshore pipeline). CO2 flow to be stored is approximately  6,050 t/day). 
4.2. Cost figures extracted from the UK FEED studies 
The FEED studies described above are detailed concerning cost figures. From these studies, typical 
cost figures are extracted. These figures on CO2 transport are presented in Table 5: 
Table 5. Typical cost figures on CO2 transport from the FEED studies 
 
For Longannet, the compression power has been based on an energy consumption figure. Power data 
on the first compressor was not found, presumably because it is seen as part of the capture plant. The 
reported Blackhill total compressor station costs (128.1 M£) seem high in relation to the costs of the 
compressor unit. 
 
These figures can be compared to compressor cost estimations as presented in section 3.2. 
Table 6 Comparison of CAPEX figures with calculations 
Project Installed 
Power 
Reported 
CAPEX 
Calculated 
CAPEX 
Installed 
Longannet  
(1st compressor) 
N/A  N/A 
Longannet  
(2nd compressor) 
11.6 MW  
(compressor 
 
 
Kingsnorth 13.9 MW   
 
 
Longannet Kingsnorth
Pipeline CAPEX diameter length capex capex GBP EUR Pipeline CAPEX diameter length capex capex GBP EUR
inch km GBP.106 EUR.106 /inch m /inch m inch km GBP.106 EUR.106 /inch m /inch m
TOTAL overall 405 239,2 299,0 16 21 TOTAL overall 36 277,6 597,8 747,2 60 75
Onshore 303,4 172,6 215,8 Onshore
new 34,1 22,8 89,5 111,9 115 144 new 36 7,6 N/A
existing 36 280,6 83,1 103,9 8 10 existing
Offshore 101,6 66,6 83,3 Offshore
new new 36 270 N/A
existing 20 101,6 66,6 83,3 33 41 existing
Compressor, Pump CAPEX capacity energy capex capex Compressor, Pump CAPEX capacity energy capex capex
t/day kW GBP.106 EUR.106 GBP/kW EUR/kW t/day kW GBP.106 EUR.106 GBP/kW EUR/kW
CAPEX compressor 6120 20,5 25,6 Compressor CAPEX 6712 68,8 85,9
Total CAPEX compressor station 56,6 70,8 Compressor, installed 96,7 120,9
compressor power N/A compressor power 13900 4.947 6.183
Compressor, Pump CAPEX 6048 23,9 29,9 Compressor, Pump CAPEX 6614 future development
Total CAPEX compressor station 128,1 160,1
compressor power 11560 1773 2217
1 GPB = 1,25 Euro may 2012
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This shows that the used approximation gives considerably lower CAPEX figures, even when 
corrected for installation cost. risk & 
  The Kingsnorth compressor station installed power is the sum of the installed 
equipment. 
5. Cost figures on CO2 transport by pipelines 
The development and design of a CO2 transport infrastructure is dependent on different simultaneous 
developments that influence the choices that have to be made. Variables that need to be taken into 
account are the following. 
 
 Position of the power plant which delivers the CO2  
o Proximity to fuel supply 
o New or existing grid connection  
 Legislation and easement issues 
 Storage site availability 
o Technical 
o Social acceptance on the site available 
o Size and geological aspects (permeability, pressure, pressure development) 
 
 
The result of this is a routing of a pipeline, but also an expected development of the required pipeline 
pressure. Different from a gas grid, the pressure of the CO2 grid is dependent on the delivery point of the 
CO2. 
 
For an aquifer, this pressure is expected to be relatively constant, at least starting with a high pressure. 
For empty gas fields this is not the case. Low initial pressures require low initial wellhead pressures, 
which in turn result in either low transport pressures (the Kingsnorth case) or pressure mitigation 
measures at the well head or in the well (the Longannet case). 
 
Given the fact that with empty gas fields the required injection pressure is rising over time, the pipeline 
will need to be designed accordingly. This leads to an optimization in evaluating pre-investment in wall 
thickness or re-investment at the point when the pressure builds up above the initial design pressure. 
 
On top of the effects on the transport infrastructure, pressure control measures will have significant 
impact on the cost of injection, either in investment, and/or in operational cost when heating of the 
expanding CO2 is required. 
 
The effect of this on the possible development of an integrated CO2 pipeline system with standardized 
pipeline conditions needs further analysis. Given the fact that very different solutions are found for the 
transport requirements of CO2, isolated point-to-point solutions would be more probable than a transport 
network with multiple sources and sinks. Requirements for the CO2 infrastructure will vary to such 
degree that it will effectively prohibit the introduction of a single CO2 transport specification. 
 
CO2 transportation is most efficient with CO2 in dense phase, above 85 bar. Transport conditions are 
only limited by material characteristic and wall thickness. Phase change is prevented during 
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transportation and high mass flows can be realized with relative low pressure drop. As stated before, 
injection may demand other CO2 conditions that have to be prepared at the well head. 
 
For small point to point solutions offshore over relative small distances or temporary solutions at start 
up shipping of CO2 can be more economical than a pipeline. 
6. Conclusion 
The essential difference between a natural gas pipeline and a CO2 pipeline is the fact that for injection 
in an empty gas field, the process conditions are not defined in time. Changing pressure requirement due 
to pressure build up in the field demands an increase in delivery pressure in time. This presents an 
optimization challenge for investment in pipeline, compression, pressure and temperature management 
and operations. 
 
The Kingsnorth project solved this by investing in a pipeline suitable for dense phase CO2 but only 
transporting in the gas phase, whereas the Longannet project dissipated excess pressure through small 
bore well tubing. Both resulting essentially in investments in the pipeline that are higher than a simple 
pipeline project would suggest. The Kingsnorth project generates higher operational cost for the 
compressor than essentially required for injection. 
 
In the ROAD project the issue of phase change prevention is solved by designing the transport 
infrastructure is such away that the CO2 is kept in a supercritical state during transportation and injection. 
Phase change is thus prevented. This solution can only be expected to be considered if transportation 
distances are short enough. No exact cost effects for added insulation are known at this point in time but 
are estimated to be between 15 and 25%. 
 
Costs for laying a new pipeline exceed the estimate by more than a factor of three. Using existing 
pipeline results in a cost saving of 75%, but is not free, the overall cost of the Longannet project for 
pipeline results in a 50% cost reduction compared to a new pipeline. 
The overall cost for the Kingsnorth pipeline is in the order of magnitude of the estimation. 
 
CO2 pipelines are difficult to calculate and compare. Specific operating conditions have impact of cost 
and these conditions are themselves dependent on the injection in the storage location. 
FEED studies have shown that CO2 pipelines are expensive, both newly installed and refurbishing 
existing gas pipelines. Rising steel prices add to cost increase but that is not special for CO2 pipelines. 
7. Recommendations 
When CO2 is being injected in a gas field, the pressure at the well head is undefined. This variable 
depends on the abandonment pressure, on the size of the field, the flow rate, the well characteristics and 
other parameters. Most importantly, the required injection pressure rises over time, resulting in a steady 
rise of the pipeline pressure needed. This optimisation should be made an explicit topic for research. 
 
Based on the data found in this study it is recommended that the influence of changing pressure regime 
over the life of the pipeline is examined in detail, especially the possibility of integration of the pipeline 
into a regional network with standardised operational conditions. 
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A CO2 pipeline can be operated in the gas phase or the dense phase. The maximum pressure in a 
pipeline with gaseous CO2 is about 38 bars, whereas the minimum pressure of a dense phase pipeline is 
about 78 bars. In between is a no-go area, because of possible two-phase flow in parts of the system. This 
combined with the notion that CO2 injection in a gas field requires an increasing pressure, it is clear that 
additional research is needed. In the Kingsnorth project, this issue has not been addressed. 
 
It is unclear how the compression costs in the FEED studies can be compared with the cost estimations 
found in literature. Given the fact that compression is a major part in CAPEX and OPEX of CO2 
transport, a more detailed study is advised. 
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